ABSTRACT
Inroduction
Fragile X syndrome (Fra X) is a genetic disease and the most common form of mental retardation in human. Its primary cause is the loss of Fragile X mental retardation protein 1(FMRP), when an abnormal CGG-repeat expansion occurs in the promoter region of the gene Fmr1. This event induces transcriptional silencing of the gene (50) .
The clinical neurological consequences of fmr1 inactivation include mental disability, autism and circadian rhythm disturbances which emphasizes the key role of FMRP in the brain, where it is predominantly expressed (13) . FMRP is found mostly in the cytoplasm, but it can shuttle to the nucleus as well (19) . It is expressed in the neuronal soma and in the neurites: along the dendrites, close to the dendrite spines, in the axonal growth cones and in the mature axons (19, 20, 41) .
Murine and Drosophila models provided further fundamental understanding of the molecular and cellular mechanisms, underlying the disease.
FMRP is an mRNA-binding protein, which negatively regulates translation of different neuronal transcripts (25, 28, 42, 49, 58) . It also functions in the mRNA transport in the neurons (15, 18) and in the regulation of the mRNA stability (11, 14, 21, 35, 57, reviewed in 12) .
Both models confirm the main clinical aspects of FraX -neuronal features: dendrite and axon overgrowth and synaptic changes: increased spine numbers, abnormal synaptic growth, morphology and function, altered synaptic plasticity and circadian rhythms, as well as learning and memory deficits (3, 22, 33, 40) . Work on Drosophila has shown that dFMRP is also required for the normal neurite extension, guidance and branching of different neurons throughout the nervous system (16, 36, 34 , reviewed in 59).
As FMRP is an RNA-binding protein, identifying its target mRNAs is a main point in understanding how this protein regulates the nervous system. By means of different approaches data were obtained on different mRNAs, interacting with FMRP (6, 8, 9, 17, 35, 48, 57) . The physiological functions of few of them, though, have been validated in vivo (reviewed in 3, 10).
Among the most important mRNA targets of FMRP are: Fmr1 mRNA itself, microtubule associated protein 1b (MAP1b), postsynaptic density protein 95kDa (PSD-95), elongation factor 1a (EF1a), glutamate receptor subunits GluR1 and GluR2, activity-regulated cytoskeletal protein (Arc), tumor suppressor protein Lethal giant larvae (Lgl); translation regulators Dco/Dbt, PABP, Orb2, Rm62 and SmD3 (3, 8, 24, 30, 37, 49, 53, 57 Much research has been focused on the role of FMRP as a translational regulator of specific synaptic proteins -presynaptic and postsynaptic (1, 19, 57, reviewed in 40) .
A group of such important proteins are the scaffolding proteins, belonging to the Lgl-familyLgl, Dlg and Scrib. Scaffolding proteins organize the postsynaptic signal transduction machinery and coordinate the transport and clustering of receptors and other synaptic components on the postsynaptic membrane.
Lgl-proteins are known to function together in a common pathway, controlling cell polarity in epithelia and cell proliferation (4).
They also have important synaptic functions (reviewed in 31). Previous data have shown in mice and in Drosophila that Lgl associates in vivo with dFMRP and forms a common complex. The gene l(2)gl interacts with dfmr1 at the glutamatergic neuromuscular synapse. Mammalian Dlg-homolog is also under FMRP-control -its expression is regulated by FMRP at the level of transcription (57) .
In this study we use the GAL4/UAS-system to target over-expression of the gene dfmr1 in the developing wing imaginal discs of Drosophila. This over-expression induces a mutant "notched" wing phenotype which serves as a background to look for dose-sensitive enhancer/suppressor interactions of dfmr1 and the genes scrib and dlg1. They belong to the Lgl-family of scaffolding proteins, involved in various synaptic functions.
By means of the same approach, we also look for similar genetic interactions in the adult brain neurons. We visualize them by over-expressing a GFP-trangene in the clock neurons sLNvs and investigate their synaptic phenotype when dfmr1 is over-expressed or not expressed in the background of one dose of scrib or dlg1.
In both systems we find an enhancer effect of scrib and a suppressor phenotype of dlg1.We discuss these results in the light of the existing models of their physiological/molecular functions. Additional information on the above stocks can be found in Lindsley and Grell, 1966 and at the website of the Bloomington Drosophila Stock Center (www.flybase.org).
Materials and Methods

Drosophia
All stocks were maintained on corn meal/yeast extract, supplemented with raisin at the standard temperature of 25°C.
Genetic interaction experiments were performed at two temperatures. At 21°C we looked for an enhancer interaction between dfmr1 and the genes of the Lgl-pathway: dlg and scrib.
At 27°C we looked for a suppressor interaction between dfmr1 and the Lgl-pathway genes.
UAS/GAL4
system and over-expression phenotype of the gene dfmr1 In our study we used the UAS/GAL4 system, which enables expression of a particular gene, driven by a selected promoter in a tissue of choice (5).
We induced expression of dfmr1 in the wing imaginal discs of D. melanogaster by means of the GAL4-vg.M -driver.
Immunofluorescene analysis
Synaptic axon branching was studied in the sLNvneurons in the adult fly brains.
Axonal projections and synaptic branching were visualized by over-expressing the mCD8::GFP-gene in these neurons.
The following stocks were designed: Adult brains were dissected in ice-cold 1xPBS (pH 7.2), fixed in 4% freshly prepared paraformaldehyde in 1xPBS for 20 min at room temperature and washed several times in 1x PBS (10 min each). During all these procedures, the brains were kept in dark, under a Petri-dish, covered with black paper.
The brains were mounted in 4:1 glycerol/PBS and sealed with nail polish. GFP fluorescence was visualized with Leica SPE-II confocal fluorescent microscope, equipped with a CCD -digital camera.
Bioinformatic search for G-quartet motives
All isoforms of l(2)gl-, dlg1-and scrib-mRNAs were examined for the presence of G-quartet motives, characteristic for the putative targets of the RNA-binding protein dFMRP (9, 46 This system allows obtaining of mutant phenotypes is easily observed tissues, which are not important for the survival of the mutant. On the background of an ectopically expressed or overexpressed gene, it is possible to look for genes, the mutations in which modify the mutant overexpression phenotype.
In our experiments we used two temperatures: 21ºС and 27ºС. At 21ºС all female flies with genotypes w//w; +/Gal4-vg.M; +//UAS-Fmr1.Z, over-expressing dfmr1, had normal wings and the male flies with the same genotypes were mutant and had "notched" wings. At 27ºС all flies -female and males had notched wings. We designated this mutant wing phenotype as a control phenotype (Fig. 1A, Fig. 1B ).
These data demonstrate that the temperature of 21ºС is suitable to look for enhancers of the mutant wing phenotype in the female flies, while the temperature of 27ºС is suitable to look for suppressors of the same phenotype.
A. B. 
Our experiments are schematically presented in the cross below: ("а" is the symbol of any of the mutant genes of the Lgl-pathway)
In the progeny we analyzed only female flies with the given genotype.
The logic of our approach was that if dfmr1 and the gene of interest work in the same biological pathway, their common function would be sensitive to the dose of their products. Removal of one copy of this gene would modify the mutant wing phenotype, induced by the over-expression of dfmr1.
We first looked for possible enhancer interactions of dfmr1 with scrib and dlg1 at 21ºС. The results of our dose-sensitive experiments are presented in Table 1 . TABLE1 Analysis of enhancer interactions of dfmr1 and genes of the Lgl-pathway The fly progeny, which carried one mutant copy of scrib in their genotypes, showed prominent enhancer wing phenotypes (50% of the female flies) (Fig. 2C) .
As the gene dlg1 did not show an enhancer interaction with dfmr1 at 21ºС, we looked for a presence of a suppressor effect on the control mutant wing phenotype at 27ºС.
The results of these experiments are presented in Table 2 .
TABLE2
Analysis of suppressor interactions of dfmr1 and genes of the Lgl-pathway Among the female flies, over-expressing dfmr1 in the wing imaginal discs on the background of dlg1, we found 78% with modified wing phenotypes. The wings of such flies appeared normal, with no notches, characteristic for the control wing phenotype (due to the over-expression of dfmr 1).
These results demonstrate that the members of the Lgl-pathway interact genetically with dfmr1. dlg1 is a suppressor and rescues the abnormal wing phenotype, while scrib is an enhancer which worsens this phenotype (Fig. 2C and Fig. 2D) .
As dFMRP is an RNA-binding protein and one of its RNA-binding domains -the RGG-box is considered to bind specific target sequences, containing a G-quartet structure (9, 46), we designed a software program and searched through all mRNA-isoforms, encoded by the genes scrib and dlg1. We found G-quartet sequences only in the mRNAs of dlg1 -in 8 of its 15 mRNAs. In one of the mRNAs we found two G-quartet sequences, located in the coding region of the gene and in the 3'-untranslated region (3'UTR).The remaining seven mRNAs contained only one G-quartet motif, located in the 3'UTR (Fig. 3) discs large 1
5'NTR: 1-838 ... 3574 ...4054TTGGCATTAGGCATATGGCATATGG4081-5147
→CR← → 3'NTR ←
Fig. 3. Location of a G-quartet-sequence in the 3'UTR of dlg1-mRNAs (NTR is a non-translated region, аnd CR is a coding region)
Genetic interactions of dfmr1 with members of the Lgl-pathway in the synaptic architecture of the sLNv-neurons in the adult brains of Drosophila In order to look for the physiological relevance of the genetic interactions of dfmr1 with scrib and dlg1, we investigated them them in a more appropriate context -in the brain neurons of the adult flies. We chose to investigate how these interactions would change the synaptic architecture and the presynaptic elaborations of a subgroup of well To visualize the neuronal arborarizations and the synaptic area of the LNv-neurons, we took advantage of the GAL4/UAS-system and overexpressed in these neurons a suiable GFPtransgene-mCD8::GFP, which labelled the neuronal membranes and the neuronal projections.
Confocal images from such control adult fly brains (genotype: +//+;pdf-Gal4//UAS-GFP) were compared with images from flies, lacking dfmr1-expression (genotype:
) or overexpressing it(+//+;pdf-Gal4//UAS-mCD8::GFP; UAS-dfmr1/+).
In accordance to previous data of other authors, we found that lack of dfmr1-expression caused an overgrown sLNV synaptic terminal area (dorsal projections), while its over-expression resulted in a retraction of the terminal synaptic branching and collapse of the synaptic area (22, 36, 43) . These results are shown in Fig. 4B and Fig. 4F .
We also studied the effects of dfmr1-expression absence or dfmr1-over-expression on the background of the mutant alleles scrib and dlg1 -confocal images in Fig. 4C, Fig. 4D and Fig. 4G .
It can be seen from Fig.4D , that on the background of one mutant copy of the gene scrib, the synaptic defects, due to the over-expression of dfmr1, are enhanced. The synaptic area of the dorsal sLNv-projections is more reduced. This finding confirms the enhancer effect of scrib not only in the developing wings but in the nervous system as well and particularly, in the presynaptic morphology of the adult brain neurons.
On the background of one mutant copy of the gene dlg1, the synaptic defects, due to the lack of dfmr1-product (Fig. 4G) are significantly rescued and the terminal arborarizations are less overgrown. A similar effect of suppression is seen also, when dfmr1 is over-expressed on the background of dlg1 (Fig. 3C) . The size of the synaptic area is increased (by gross observation) and is shifted to the control.
Our We performed our genetic and immunostaining experiments, in order to see if the Lgl-family members scrib and dlg1, which are known to be tumour suppressors (together with l(2)gl), are also interactors of Drosophila dFMRP. The reason we were interested in this family, was the fact, that it plays important synaptic roles: in synaptogenesis, in maintenance and function of the mature synapses and in synaptic plasticity (26, 32, 44, 45, 60) . Understanding how these synaptic proteins are regulated is of primary importance not only from theoretical point of view, but from a practical perspective as well. FraX was proven to be a neurodevelopmental disorder with defects at later stages of synapse development and synapse maturation, due to the lack of the protein FMRP (reviewed in: 27, 23). It is also very important to indentify other proteins, which act in common pathways with FMRP in the accomplishment of the proper synaptic development and the proper function of the brain.
In our work we found that Drosophila gene dfmr1 interacts with the genes scrib and dlg1-both in the developing wing discs and in the synaptic branching and architecture of the brain neurons. The products of these genes -Dlg and Scrib are scaffolding proteins, containing multiple PDZ-and other domains, important for protein-protein interactions (4, 54, 55 polarity and control of cell proliferation in Drosophila (4) . Recently, data were published, reporting that scrib inhibits an overgrowth of dendritic arborizations through the regulation of the cytoskeleton (Maite et al., 2010). In a good accordance with this data, our immuno-staining experiments also showed that scrib inhibits the growth of the terminal synaptic arborizations, enhancing the overexpression synaptic phenotype of dfmr1 (Fig. 4D) . Dlg is a membrane associated guanilate kinase, which is localized to the septate junctions in epithelial cells. It regulates cell polarity, junctional structure and asymmetric cell division (38, 39, 56) . Apart from that, dlg1 is involved in localization, trafficking and recycling of ion channels and receptors in the postsynaptic membrane. It regulates the composition of the postsynaptic glutamate receptor subunits (7) . A model was proposed, suggesting that dFMRP stabilizes dlg1-mRNA and its protein level (52) . In the light of this model, our immuno-staining results get one possible explanation. If dlg1 is a positively regulated target of dFMRP and if we assume, that both proteins function cooperatively together, then the lack of expression of dfmr1 in the background of a reduced dose of dlg1, would give a "better" synaptic phenotype, than that of the sole lack of dfmr1-expression (we see this at Fig. 3C ). Our bioinformatics analysis found in many of the dlg1-mRNA-isoforms G-quartet motives (see Fig. 3 ), thought to be involved in dFMRP-mRNA-target interactions (9, 46) .
To support these speculations and to elucidate the possible mechanisms, underlying the genetic interactions of dfmr1 with the Lgl-family members, further biochemical and genetic experiments will be needed.
Conclusions
Our results demonstrate that dfmr1 interacts genetically with the members of the Lgl-family of scaffold proteins and functions with them in the synaptic architecture of Drosophila adult brain neurons.
